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COSMIC NEUTRINOS AND THEIR DETECTION. Although it w a s  q u i t e  
I 

obvious from t h e  b a s i c  work of Bethe and C r i t c h f i e l d  on hydrogen 

r e a c t i o n s  i n  s t a r s  t h a t  s t e l l a r  neu t r inos  w e r e  produced abundantly 

L 

s i n  na tu re ,  only r e c e n t l y  have a t tempts  been made t o  detect them 

and o t h e r  cosmic neu t r inos .  One of t h e  obvious reasons for this is 

t he  smallness  of t h e  c r o s s  s e c t i o n  i n  neu t r ino  i n t e r a c t i o n s  

cross s e c t i o n  is - 10 cm* a t  1 mev neu t r ino  energy) . I n  l ead ,  

t h e  mean free p a t h  of 1 mev neu t r ino  i s  one l i g h t  year (- 1 0 x 8  c m ) .  

Recent developments i n  t h e  t h e o r e t i c a l  and experimental  a s p e c t s  of 

t h e  w e a k  i n t e r a c t i o n  have made it p o s s i b l e  to s tudy  cosmic neu t r inos ,  

( t h e  
-44 

. +  

i nc lud ing  s t e l l a r  neut r inos .  .. 

Neutrino I n t e r a c t i o n s .  T h e  p r e s e n t  theory  of. w e a k  i n t e r a c t i o n s  

o r i g i n a t e d  from Feynman and Gell-Mann. They p o s t u l a t e d  t h a t  the  

, weak i n t e r a c t i o n s  w e r e  causea by t h e  i n t e r a c t i o n  of a c u r r e n t  J 

. - r r _ - .  

, . .  . w i t h  i t s e l f .  The c u r r e n t  has t h e  fol lowing form': 

where $ is  t h e  wave func t ion  for  a p a r t i c l e  A, Y c ( a  = 1,2,3,4) 

are t h e  D i r a c  Matrices and y5 = iyoyIy,y, , g is  t h e  weak i n t e r -  
A . . ,  

.. act& coupl ing cons t an t  and n d e r i c a l l y  =' (1.01 * O . O l ) x l O - "  
Q 

(mp i s  t h e  m a s s  of pro ton) .  The neu t r ino  e a s s o c i a t e d  w i t h , e l e c t r o n s  

i s ' h i s t i n g u i s h e d  from t h a t  a s soc ia t ed  wi th  t h e  y-meson iV ) .  . .. II That  

:n 
# v has  been demonstrated 3 ~ ; :  a r e c e n t  experiment, b9 napby d d e!. 

II ' .  V e  

We may abbrev ia t e  J as follows: 
. .  

< ' . .  .. . ' 
: , I . .  

a ,. 
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( 2 )  J = (ev f (2n) + ( p ~  + ..... 
I-I e 

..... now stand symbolically Z o r  particles or anti- % , w h c r o  0 ,  

n ~ ~ f + ~ l p c l  
E.-- ------ The weak i n t e r a c t i n n  Hamiltonian is then given by 

-- -- 
(3) JJ* = (eve> (eve) + (pn) (ev I + ..... e 

Each term in JJ? now gives rise to a reaction consistent with all 

conservation laws (charge, lepton number, energy, momentum, etc.). 

For example, some of the allowabEerections of the first two terns 

in Eqn.(3) are . 

- i - (Scattering of neutrinos 
+ 
e- + Ve,Ve e- + V ~ N V ~  

by electrons ) 

(electron capture) 
- 
e i- 7 +*% 

(4 n + p + e -  + ve (neutron decay) 

At present an experiment at CERN (and a similar one at Brook-' 

haven National Laboratory) 

weak interactions (on the 

which the validity\of the 

established. Preliminary 

is underway to test a new hypothesis in 

existence of an intermediate boson) from 

theory'of Feynman and GeP1-Mann could be 

results support their theory. 

Neutrino Product'ion Associated with Stellar Nuclear Processes. 

Neutrinos are produced through the (eve) (pn) interaction of Eqn. (3) 

in.hydrogen reactions in which helium is built up. There are two 

energy production."cycles, the proton-proton reaction is impstant 
. .  

. .  
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i n  s t a r s  less massive than  t h e  sun, and the  carbon c y c l e  is more 

important  i n  t h e  o t h e r  case.  I n  all cases t h e  temperature  r equ i r ed  

is  around 1. - 3x107 OK. The proton-proton r e a c t i o n  cha i ix  is 

D + p - HeJ 

HeS + Hes - He4 + 2p 
. -  - . ( 5 )  

A s  helium i s . b u i l t  up in .  the  c e n t e r ,  t h e  following bf-cycle  

may take place: 

, 

\ 

'* He3 + He3 - Be7 + y 

Be7 + e' - Li7 + Y (E, = 0.861 mev, 0.383 mev) ' 

Li7 + p - Be8 + Y 

Be8 - 2He4 

- 

&ine  Spec t r a  _- 

' . (6) 
- - -  - -  _ _  

. 
Be7 .+ p - B8 + y 

Be - Be8 + e+ + v (Ev 

Bea -9 2He4 

= 16.96 mev) 
Continuous Spec t r a  

The l a s t  r e a c t i o n  is  of ' p a r t i c u l a r  i n t e r e s t  t o  n e u t r i n o  

astronomers s i n c e  t h e s e  neut r inos  have higher energy and should be 

easier to detect. 

. .  
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e .. 

VBe 

N o t e  

*B 

The carbon c y c l e  is: 

Maximum 
energy I 0.42 1 0.383 

12% (mev) 

c= + p 4 ws + y 

e3 + p -. p 4  

(ma::) 
= 1.2 mev) h*3 ,- C'3 + e* + y, (Ev 

Continuous Spectra + Y  

o'861 14.06 
, 88% 

h=4 + p -. 0.'5 + y 

Mean 

W 6  - has + e+ + Y, (Ev , = 1.74 mev) I' ' 

. Continuous Spectra 
.hn6 + p -.. Cla + HeQ 

. -_.  . .  . . -. . .. . .  

c12 acts as a c a t a l y s t ,  

i 3 )  

The t o t a l  energy r e l e a s e  i n  bu i ld ing  up one heliurn nucleus 

f rom, four  pro tons  is 26.7 mev, about 0.52 mev t o  1.7 nev are i n  the 

form or' neu t r inos ,  

s t a r s  about 2 % t o  8 % of energy r a d i a t e d  i s  i n  t h e  f o m  or' n e u t r i n o s ,  

Hence we can say g e n e r a l l y  i n  hydrogen burning 

' T a b l e  I l is ts  t h e  f l u x  i n t e n s i t y  expected! on t h e  e a r t h .  

\ 

.. . 

\ 

TABLE I 
Solar Neutrino Fluxes on Earth (v/cm* -sec) 

conti- 
Spectrum 1 nuous 1 t o e  line 

I 

conti- 
nuous 

I I I 

conti- 
nuous 

1-20 

0.710 

conti- 
nuous 

( l f0 .5)  
xi09 

. .  
._ - .. - . . -. ._ - 

= neutrino f rom p + p + e' '-c D + Y, etc. 
* Y p p c  

- . - . _.. . . .  

k 
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'very small  amounts of neut r inos  a r e  produced i n  a s s o c i a t i o n  

. w i t h  nuc lear  energy genera t ions  fn l a t e r  stages of stellar evolu- 

t i o n .  Almost a l l  neu t r inos  produced at a l a t e r  stage come f r o n  

' d i r e c t  product ion processes .  

D i r e c t  N e u t r i . r s  L L . Z C ~ ~ L : . C ~ <  3~ Prociasses . Of aii astrophysicnj. 
. I  

p rocesses  for  neu t r ino  production, t h e  more important  ones are: 

I URCAprocess 
-. 

e' + (Z, A) - (Z - 1,A) + v, 
beta decay interaction 

' I '  (2 - 1,A) - (Z,A) + e- + Te 
-- -- 

Photo neutrir.0 process 4 
I --. - 

e' + y -, e' + V, + v, 
- - - -  

Annihilation process 
- .- - 

y + y = e ' + e + - v , + v ,  
-. - a .  

Plasma process 
- ._  - 

y (@smon) 4 ye.+  Y ,  

I 

I 

(e Y )  (e v) interaction 

! 

The URCA process  is a t  p re sen t  of h i s t o r i c a l  h p o r t n a c e ,  s i n c e  -7 -. 
it was t h e  first one t o  be considered. I n  the URCA process  beta 

--. decay and inve r se  beta decay r e a c t i o n s  occur a l t e r n a t i v e l y ,  d e p i e t i n g  

t h e  k i n e t i c  energy of t h e  e l ec t rons .  T h i s  p rocess  r e q u i r e s  a miniml;71 

e l e c t r o n  energy roughly equal t o  t he  beta decay energy. S ince  t h o  

, beta decay energy Eb of m o s t  s table n u c l e i  i s  of t h e  order of z. f e w  

mev, and t h e  k i n e t i c  temper'ature of ' t h e  e l e c t r o n s  h a r d l y  exceeds q 
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a 

f e w  t e n t h s  of mev, t h e  Boltzmann f z c t o r  exp ( -  ZIJJKT) 

measure of t h e  f r a c t i o n  of t h e  nuxher of e l e c t r o n s  w i t h  energy > Eb , 

i s  r a t h e r  s m a l l  and t h i s  process is n o t  very inporteat, 

, which is  a 

Moreover, 
\ 
\ '  

e lemen t s ,w i th  small Eb a r e  not  s tab le  a g a i n s t  p h o t o d i s i n t e g r z t f o a  ' 
: t .  

'd 

'comes large:' 

I n  t h e  photoneutr ino process the  energy or' 2 ?hoton i s  con- 

ver ted  i n t o  a p a i r  of neut r inos .  This  i s  q u i t e  analogocs to t h e  

Coxpton s c a t t e r i n g  process ,  I n  t h e  a ,mih i l a t ion  Srocess  t h e  photons 

are i n  equi l ibr ium wi th  e l e c t r o n  p a i r s  (at a ternperzture - 6.~10~ %) 

and t h e  e l e c t r o n  p a i r s  can a n n i h i l a t e  t o  f o r m  neu t r inos  v i a  t h e  

' ( e v  ) (ev,) i n t e r a c t i o n .  e 

O r d i n a r i l y  a f r e e  photon cannot decay i n t o  two n e u t r i n o s  be- 

cause  of t h e  conservat ion l a w s ,  Xnside an e l e c t r o n  gas, because of 

i n t e r a c t i o n s ,  photons a r e  not f ree ,  The r e l a t i o n  between t h e  f r e -  

quency w of a photon and i t s  wave number vecror  k is similar t o  t h a t  

for a ' p a r t i c l e  w i th  a mass ':;uo , 
I 

-. \ h e r  eas 

. .  

I 

acd p i s  t h e  Fermi momentum for e l e c t r o n s .  E is  the  Fermi er\,crgy F F 

i n c l u d i n g  t h e  res t  energy mc3. Hence i n s i d e  an e l e c t r o n  gas a photon 

I 

.. . 
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can decay 

important 

into two neutrinos. The piasma process is expecia2ly 

in dense stars (such as white  dwarZs and neutron 

Detailed calculation of the e n e q y  conversion rate on 

s t a r s ) .  

these 

processes have been perr'orincd by Chiu, Stabler,  Ritus, >.dams, 

- - - J - ~ A  Ruderman, and Woo. The detailed c o n p t a t i o n  is quite c u A _  . ! L J A ~ L U  L.CY . 
We here list the asmptotic formulae €or certzin limiting ceczs. u 

TABLE 11: 

\ 

Summary of Photo neutrino and Annihilation Energy Loss mtes 
(D in g/crn3, T, = T/Io") 

Temperature and 
density region: 

c = k = l  

Non- relativistic, 
non-degecerate 

E F  5 T < < m  

Extreme relativistic, 
non-degenerate 

m < < T , E F < T  

Non- rektivistic,  ' 

extreme degenerate 
T << EF < EI 

Zxtrcrr?e relativistic, 
extreme degenerate 
T, m << ?+ 

-. . 

:' 

\ 

- I 
Photo neutrino Loss 

(ergs/ g-sec) 
Pzir Annihilation Loss 

I 

108 - Ti 
P C  

4 . 3 ~  I O z 4  
P 

2.5X 10" 
Cre 

~ O ~ l O T l O  

t 1.6) 
1 I 

I 
* .  

Plasma 
Process 
( ergs/g- sec) 

Nucleosynthesis Bevond Hydroqen Burninq. Supernova, As 

hydrogen.becomes exhausted at the.center of a starl a dense helium 

core develops and the s t a r  becomes a r e d  giant, 

. .  I 
a 

with 2 vast envelope. 
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Because of g r a v i t a t i o n a l  con t r ac t ion ,  t h e  temperature a t  t h e  c e n t e r  

i nc reases ,  and a t  T 100 OK helium begins  t o  r e a c t  via t h e  

3a c12 r e a c t i o n .  

A t  a temperature  of ar0ur.d 4x109 OK, nuc lc s r  r e a c t i o n  rz-kes 

c -- J L ~ ~ z : ~  r suite rapid, as a ~ o n ~ f q u e n c e  a l l  elexcncs cox= GO s t z ~ i s -  

. t i c a l  equi l ibr ium and t h e  most fz.vorc.d e:c.,----: . ?256. At a 

temperature  of around 8x109 OK, t h e  e q u i l i b r i u x  c o n z l y r a t i o n  

changes t o  H e  . This  change is endothermic. A l s o ,  tk i-leutrino 4 ' \  

. .  
processes  we  d i scussed  previous ly  also d i s s i p a t e  s t e l l a r  er,ergy 

quickly. With these two endothernlc  r e a c t i o n s  t h e  s tar  c o n t r a c t s  

r a s id ly  and c o l l a p s e s .  The r e s u l t  is a supernova. 
L-: 

\n F igure  1 we p l o t  t h e  neu t r ino  l m i n o s i t y / o f  a s ta r  as a 
p i  c .L.h -: TC.i 

f u n c t i o n  of temperature.  At T > 5x108 OK, t h e  e n e r g e t i c s  of 

. .a star a r e  e n t i r e l y  governed by n e u t r i n o s ,  Overa l l ,  roughly 25 % 

.. . 

of s te l la r  energy i s  r e l e a s e d  i n  t h e  form of 1 mev ne,utrinos,  
141 1 i 1 1 1 1  ' ' " 1  ' 1 ' 1 ' 1  
L 

'. l2 t 
\ I  

REUTRINO LU?.:INOSITY OF A 
TYPICAL STAR ' 1 
- cptital tuz.i.losity 

of  oc.m otars 

--- ,,Sugorns\M 

; ' .  

! 
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; I n  Table III we l i s t  the neu t r ino  h i s t o r y  of a star. 
\ 

TABLE 111 

-. 
As a s tar  collapses to become a supernova, m o r e  h igh  energy 

. 
n e u t r i n o s  of energy 100 mev (e and II type)  m a y  be emi t t ed .  Rough . 

e s t i m a t e s  i n d i c a t e  t h a t  energy up t o  1 0 6 3 , e r g s  or more may be d i s s i -  

p a t e  i n  the ' form of y-neutrinos. 

by, us ing  ' g i g a n t i c  n e u t r i n o  d e t e c t o r s  I t o  monitor ' f u tu re  supernova 

e x p l d i i o n s  i n  our:' galaxy., 

These neu t r inos  may be d e t e c t e d  
. .  * ,  

. .  

. .  

2 .. 

. .  . .  
. .  

. . .  
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Cosmic Ray Sccondarv Neutrinos, ?‘?hen prirnary c o s z l c  rays  

Flux on Ear+& Energy Density 
(v/cm2 -sec) cv/cin3 < E y >  

1-10 kev 105-7 IO-S-. 10-l 

0.26 mev I O 6  ’ 1 
I 

h i t  t h e  upper atmosphere, nucicar  r e z c t i o n s  take p l z c e  i n  which 

Detectability 

no at present 

no at present 

ri-rr.esons zrc crezited, These r;-r?.esons subsequently d e c ~ . y  into 

up to I O 0  0.8 mev 

horizontzl d i r e c t i o n  travcl i n  the tsriuotls upsex atmosphare fcjr a 

1, yes, but difficult 

longer  time, t h u s  reducing t h e  p r o b a b i l i t y  t o  i n t e r a c t  s t r o n g l y  

. with t h e  atmosphere, cosmic r ay  secondary neu t r inos  (and p-mesons) 

1 rnev 
( Y ,  n:ld T,) 

. show an an iso t ropy ,  favor ing  t h e  h o r i z o n t a l . d i r e c . ~ i o n .  m.e 51UX 0: 

vzry rzpidly 1 on the yes, but difficult 
with tima i L V C 2 q y  

these neu t r inos  i s  t h e  same as cosmic r a y  p-meson f lux ,  

i s  t o o  l o w  t o  be de tec t ed  d i r e c t l y .  

The  f lcx 

However, a d e t e c t o r  embedded i n  e a r t h  may d e t e c t  sezoxdary 

p-mesons produced by neutrino r e a c t i o n s .  

favor  t h e  h o r i z o n t a l  d i r e c t i o n .  

these underground secondary p-mesons. 

These p-inesons also 

P l z n s  are being made t o  detect 

Table  I V  l i s ts  cosmic neu t r ino  f l u x e s  €or d i f f e r e n t  r a n p s  

10-3 

TABLE IV 

Yes, but solar 
background must 
be eliminated 
(going to Piuto?) 

Cosmic Neutrino F l u e s  

. .  

-. . 

\ 

!” rnev 
‘J 

I - 10-4 ? Yes 
I 

>1 aev, cosmic Yes 
cccondar ies 

jolar Back- 
ground -l flu: 

none 

-~ 
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Solar Neutrinos m d  Y ~ c i r  Detecti .cn, The f lux  of s o l z r  n e u t r i n o s  

\ 

is b i g  enough f o r  t e r e s t i z l  <etec-tioi? zt t h e  present s t a t u s  of mu-  

~ 3 7  + CP i e* -1- - ( H a l f  iife 30 deys) 

nzy %e used t o  d e t e c t  solzz x u - t r i n o s .  

c a l l y  sepaaated frox d7 (prepared 2 s  a l i q u i d  carboil t e f r z c k l o r i d e  

The A37 z t o m  may be cberni- 

CCl4.J 3 y  us ing  carriers (Sc”)  , a 2 t m v 2 r & A 3 7  is separated fro:: :-:z4* 

by abso rp t ion  a“, l o w  tefiqerz-Lxclre (- 2G0 I<), The , ha l f  i i f e  of A3’ 

limits t h e  i n t e g r a t i o n  time to around 30 days, This mkthod h z s  

been p u t  i n t o  p r a c t i c e  by Rapond Davis, A total amount of 

0 .5~106 liters of CC14 will be needed, and t h e  d a i l y  product ion  

r a t e  or’ A37 is around 10 atons. 

i s  25 %.) 

37  (The  natural abundance of C 
, 

-. 

J. N ,  Bahcal l  pointed out gha t  t r a n s i t i o n s  occuring between t h e  

J = 3/2+, T = 3/2) and the e x c i t e d  37  ground s ta te  of C 1  Cd3/2 , 
‘ . s ta te  of A 37 J = 3/2;, T = 3/2 (5.1 mev) is  superallowed End a 

c r o s s  s e c t i o n  a t  10 mev neu t r ino  energy of around 0.8x10-4a. cma 

n a y  be expected. The s i z e  of t h e  c r o s s  s e c t i o n  i s  a large d e t e r -  

. minary f a c t o r  for  t h e  f e a s i b i l i t y  of solar neu t r ino  astronomy. 

Conclusion, S t e l l a r  neu t r inos  are produced abundantly and i n  

t he  f u t u r e  n e u t r i n o  astronomy may be expected to play an irn?ortar,t 

ro le  i n  our  s tudy  of t h e  cosmos. 

. I  

. .  
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